This paper presents non-linear finite element analysis to carry out the dynamic response of foam-filled double circular tubes for axial progressive and global bending collapse modes. Some aspects were considered to investigate the crashworthiness capability of cylindrical tube for instance geometry, material and loading parameters. In addition, three types of structures namely empty double tubes (ED), foam-filled double tubes (FD), and foam-filled single tubes (FS) were observed under oblique impact. Crashworthiness parameters were determined in the numerical solution after validated with experiment and theoretical results in relevant references. Moreover, it is evident that the crash ability of the foamfilled double tube is better than the other structures. Finally, the main outcome of this study is the new design information of different tube configurations as energy absorber where two collapse modes are expected.
Introduction
Because of the great energy absorption capacity and extraordinary lightweight, foam-filled thin-walled structures have recently increased interest in the automotive, high-speed railway and aerospace industries. Huge research efforts have been carried out by various experiments [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , analytical analyses [1, 11, 13, 16] , and numerical methods [3, 6, 7, 9, 12, 15, [17] [18] [19] [20] .
Foam filled thin walled structures as cellular materials assist to improve crushing stability and collapse modes thus increasing the overall crashworthiness. The foam density and wall thickness are variables to enhance the energy absorption capacity. Also, the interaction between tube and filler might change the original collapse mode of the tube into more collapse mode efficiently. Furthermore, to increase the energy absorption capabilities of thin-walled tubes, some researchers [21] [22] [23] used a double-cell profile arrangements with similar cross-section and the double tubes are empty or filled with aluminium foam. In addition, experiment and numerical simulation of the new topological structure i.e. double circular tubes under axial and three point bending conditions carried out by Guo et al. [24] [25] [26] .
A combination of the angle of impacting direction (or oblique/offaxis loads) is more occurred frequently in the real vehicle collision event and rarely encounters either fully axial or fully bending impact. Effects of oblique loading have been taken into account by Han and Park [27] . They found that angle of loading played an important role from axial progressive collapse mode to the global bending mode for square column subjected to oblique loads. In addition, Reyes et al. [28] [29] [30] showed that the increasing of loading angle as the decreasing of the energy absorption, in the case of the empty and foam-filled square columns under the quasi-static oblique loading conditions. Meanwhile, the energy absorption characteristics of tapered thin-walled rectangular tubes were explored by Nagel and Thambiratnam [31] [32] [33] . They concluded that the tapered tube better stability than straight tube when the oblique impact happen. Ahmad et al. [34] focused on investigate the benefit of foam-filled conical tubes as vehicle energy absorber under oblique impact. Li et al. [35] studied the deformation and energy absorption of aluminium foam-filled double cylindrical tubes subjected to oblique loading and found that foam-filled double circular tube better crashworthiness capability than empty and foamfilled single circular tubes under quasi-static oblique loading.
The dynamic responses and the energy absorption characteristics of different configurations circular tubes i.e. empty double tube (ED), foam-filled double tube (FD) and foam-filled single tube (FS) were explored in the present study. Some parameters for instance geometry parameters (tube length, tube outer diameter, tube wall thickness), material parameter (foam density) and loading parameters (load angle) are used as parametric studies to completely understand and quantify the deformation mode and the energy absorption behaviour of tubes. The numerical simulations were validated using the experiment and the theoretical solutions taken from appropriate literatures in studying the effect of parameters for axial progressive collapse mode and global bending collapse mode. Finally, this paper is expected the new design information of foam filled double cylindrical thin-walled tubes as energy absorber in application under dynamic oblique impact loading. Fig. 1 shows the schematics of the circular tubes under different impact loadings. In this investigation, the load angle used is 101 and 301 which represents the axial progressive collapse mode and global bending collapse modes, respectively. This load angle similar with the Ref. [33, 34] . To model energy absorbing structures, the aluminium foam filled double tubes were L in length. The top of the tubes were impacted in longitudinal direction of tube by an additional mass block of 400 kg.
Development of finite element model
The tubes cross-section is shown in Fig. 2 , the outer and inner thicknesses of the double tube walls are t o and t i respectively, and the diameter of the outer and inner tubes are d o and d i respectively.
The finite element (FE) models of empty double, foam-filled double, and foam-filled single tubes are shown in Fig. 3 . The ABAQUS-Explicit was used to develop the aluminium foam-filled tubular tube models and to predict the response of thin-walled tubes that were impacted by a free falling impinging mass.
The walls of the tubular tubes were modelled using four node shell continuum elements with five integration points along the element's thickness direction. Moreover, the foam-filled tube was modelled using eight node continuum elements with a reduced integration technique combined with the hourglass control. To avoid both artificial zero energy deformation modes and volumetric locking, enhancement-based hourglass control and reduced integration were applied. Based on a mesh convergence study of shells and foam elements, a 2 mm element size was chosen. A mesh convergence was addressed to ensure a sufficient mesh density and to accurately capture the deformation process. The contact interaction between all components was the general contact algorithm used to avoid interpenetration of tube walls, which is less intense in terms of computational time. Meanwhile, the contacts between the foam and the tube walls were modelled as a finite sliding penalty based contact algorithm, with contact pairs and a hard contact. The friction coefficient value for all contact surfaces was set at 0.3 and 0.2 for the static and dynamic cases [34] respectively.
Material properties

Material of thin-walled circular tubes
The thin-walled tubes were made from aluminium alloy A6060 T4 with mechanical properties of density ρ¼2700 kg/m 3 , Young's modulus E¼ 68.2 GPa, Poisson's ratio ν¼0.3, initial yielding stress σ y ¼ 80 MPa, and ultimate stress σ u ¼ 215.5 MPa. The pairs of the plastic strain and true stress were specified in Table 1 to accurately define the hardening characteristic in finite element models.
An elastic-plastic material model, with Von Mises's isotropic plasticity algorithm, was used to assess the constitutive behaviour of the tubes. The direction of aluminium foam, which caused manufacture process effect, was ignored. Piecewise lines were performed to define plastic hardening in the material's constitutive model. Moreover, the true stress and the plastic strain were experimentally found to determine the piecewise lines.
Material of foam filled
The aluminium closed-cell foam filler was used, with an average mechanical property value obtained from material tests. The material's behaviour was obtained from experimental testing of the foam filled material, while the uniaxial quasi-static compression test results with different foam apparent densities are given in Ref. [3] .
The constitutive behaviour was based on an isotropic uniform material of the foam model developed by Dehspande and Fleck [36] using non-linear ABAQUS/Explicit software packages. The effect of the manufacturing process for anisotropic behaviour of aluminium foam was not considered in this work. Table 1 shows the details of the material's parameters used in the FE simulation experiments.
The crushable foam and the crushable foam hardening options were used to calculate the plastic behaviour of the aluminium foam. The equation of yield criterion in this model is described as
Mass block θ = 10° and 30°V where σ e is the effective Von Mises stress and σ m denotes the mean stress. The yield strength [37] is defined as Y. In addition, α is the parameter used to define the shape of the yield surface (α ¼ 2.12) and the plastic coefficient function ν p . It is assumed that the plastic Poisson's ratio for aluminium foam is zero [38] ; thus, the formula is
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The strain hardening effect equation for the initial model is defined as
where σ p is the plateau stress, the material constants are α 2 , γ, ε D and β, and the effective strain is defined asε. The strain of densification is derived as
The density of foam and the foam base material are defined as ρ f and ρ fo . [37, 38] . Table 2 shows the material parameters of foam filler used in the dynamic simulation are tabulated.
Crashworthiness performance indicators
To evaluate the energy-absorbance of structures, it is necessary to define the crashworthiness indicators. The parameters, such as energy absorption (EA), specific energy absorption (SEA), and peak crush force (PCF), can efficiently evaluate the crashworthiness of structures. Energy absorption can be calculated as
where F(x) is the instantaneous crushing force with a function of the displacement δ.
SEA indicates the absorbed energy (EA(δ)) per unit mass (M) of a structure as
where M total is the structure's total mass. In this case, a higher value indicates the higher energy absorption efficiency of a material.
The average crush force (F avg ) is the response parameter for the energy absorption capability:
where, energy is absorbed (EA(δ)) during collapse and displacement (δ). Crush force efficiency is defined as the ratio of the average crush force (F agv ) to the peak crush force (F max )
Peak crush force (F max ) is important indicator in the design of energy absorption structures to absorb the impact energy in collision.
Model validation
FE model has been validated by experimental and theoretical model in the literatures to ascertain whether it was sufficiently accurate. The validation results of foam-filled double circular tubes under quasi-static impact loading are presented by Djamaluddin et al. [39] . They carried out the comparison between the numerical simulation and the experiment result and demonstrated the deformation patterns [40] and force-displacement curve [41] of numeric simulation and experiment result of foam-filled double cylindrical tube subjected to quasi-static loading [35] .
The experiment test was already performed [35] which both of ends specimen were clamped, at top of tube was applied a rigid wall under quasi-static axial (01) and oblique (51, 101, 151) with respect to the longitudinal direction of tube (velocity ¼ 0.09 mm/s). Different cross-section of structures namely empty single tube, foam-filled single tube and foam-filled double tube have been evaluated. With different fixing block, different thickness and diameter of inner tube of foam-filled tubular tube, the new deformation modes were found for instance spiral folding mode, irregular extensional folding mode and irregular axisymmetric or diamond deformation mode. Some parameters of crashworthiness were investigated such as specific energy Table 2 Material parameters of aluminium foam [37] . absorption, energy absorption efficiency and energy absorption effectiveness factor of static loading. It can be concluded that the foam-filled circular tube has energy absorption effectiveness significant higher than empty tubes and the double tubes with aluminum foam core has energy absorption capacity better than empty and foam-filled single tubes. Besides to validate the simulation model result, this study also write the form of energy absorption factor effectiveness of the foam-filled circular tube under dynamic load in the next section, refer to the form of energy absorption factor effectiveness subjected to quasi-static load [35] . Formula of energy absorption effectiveness factor can be recommended for further study on the experimental test of foam filled double tube under axial or oblique dynamic impact loadings. For this study, thin-walled tube was only circular tube under dynamic impact loading. Table 3 displays the energy absorption and the average crushing force of the empty circular tubes that compare between the FE result and experiment result [42] . It is achieved a good agreement and FE model has capability of simulating the numerical response of each tubes under dynamic oblique impact.
The theoretical solution of the cylindrical tube filled by foam was used to validate the comprehensive of the numeric simulation. The equation of the empty cylindrical tube derived to determine the static mean crushing force F Under static load case, the metal yield stresses in dynamic impact because of plastic rate. In addition, considering the effect of plastic strain rate ( _ ε) on the yield stress of aluminum tube material is used the Cowper-Symonds constitutive equation as [43] 
where σ d and σ s are the yield stress of dynamic and quasi-static stress, and constants C and k values are material parameters for aluminium material. The theoretical solution of mean crush force was derived by Abramowicz and Jones [44] as
The theoretical model of dynamic mean crushing force foam filled is determined by considering the interaction between empty tube and foam material as [2] 
where σ f , A f , A t are the plateau stress of foam, the area of foam core, and the area of tube, respectively. The coefficient of interaction between the filled foam core and the wall of empty tube is C avg . Theoretical of dynamic mean crushing force is mainly interest for validation of foam-filled circular tube [2, 45] . Table 4 presents the differences between FE models and theoretical solutions. It can be concluded that the errors of both results are almost similar and the FEA results are considered satisfactory under different collapse modes.
Results and discussion
Deformation mode and dynamic crushing force-displacement on dynamic response
Figs. 4 and 5 show the deformation modes of the numerical dynamic responses for empty double, foam-filled double and foam-filled single tubes, under oblique loading for load angles of 101 and 301, respectively [33, 34] . Table 5 presents the range of each parametric study of material, geometry and loading parameters used to control the tube's response.
For axial progressive collapse mode, all numerical models of tubular structures were impacted by a mass block under a 101 load angle; whereas, for the global bending collapse mode, all numerical models of tubular structures were impacted by a mass block under a 301 load angle. Geometric and material parameters, as well as load angle, were found to influence the deformation mode. Normally, axial progressive collapse mode and global bending collapse mode for foam-filled bitubal circular tubes are described by a numerical simulation with similar collapse formations caused by the interaction between foam and inner/outer walls of the tubes. From Figs. 4 and 5 it can be seen that the predicted lobe formation and the number of lobes for the filled single tubes are less than in other structures. However, empty double circular tubes have buckled flanges, rather than the middle of the tubes for both collapse modes.
Diagrams of numerical dynamic crushing force-displacement in each thin-walled circular tube are shown in Figs. 6-8, and are compared by varying the collapse mode and the tube's outer diameter, with L¼ 250 mm, t o ¼1.5 mm, t i ¼1.5 mm, d i ¼48 mm for double circular tube, with block mass G ¼400 kg and an impact velocity V¼ 15 m/s. All thin-walled tubes were crushed when impacted in full contact by the mass block. Moreover, due to axial progressive collapse mode and global bending collapse mode for two kinds of tube outer diameters (d o ¼ 96 mm and 102 mm), each figure illustrates the diagram of dynamic response for different cross-sections of cylindrical tubes. From the figures, it is evident that the dynamic initial peak force of the axial progressive collapse mode was much higher than the global bending collapse mode in the same geometrical tubes. It can also be seen that for both Table 5 Range of each loading, geometry and material parameters used in oblique loading parametric study.
Tube geometry progressive and bending modes, dynamic crushing force-displacement behaviour was similar for different outer wall diameters with similar circular tube cross-sections. From these results, we can summarize that foam filled double tube is better than other structures under oblique impact loading; and therefore recommended for use as an energy absorber in vehicle structures. Furthermore, it can be seen from the figures that different collapse modes did not affect the folding mechanism of structures with two load angles.
In Figs. 9 and 10, energy absorption is plotted as a function of displacement and tube outer diameter for each collapse mode. It can be concluded that empty double circular tube has dynamic crushing force significant lower than the other structures for different collapse modes. However, foam-filled bitubal tubes are better energy absorbers in both collapse mode conditions. They show that a smaller outer empty double tube diameter has significantly lower dynamic energy absorption than the other structures. For both loading conditions, the figures also show that foam-filled double tube has higher energy absorption for an outer diameter of 102 mm. In addition, for axial progressive collapse, whole buckling occurs after a fold is formed in the axial direction; then, for the bending collapse mode, both energy efficiency and dynamic energy absorption may decrease.
Effect of tube length on dynamic response
Figs. 11-14 show the effect of tube length on dynamic energy absorption and specific energy absorption under an oblique impact. With two types of collapse mode i.e., progressive and bending, tube length has more significant influence for empty double, foam filled double and foam-filled single circular tubes. Clearly, the dynamic energy absorption and specific energy absorption of foam-filled bitubal tubes with longer tube lengths is more than that of the other types of cylindrical tubes. It is evident that this foam filled double tube configuration can be an efficient energy absorber and has more room to enhance crashworthiness. In accordance with previous studies [23, 25] , the number of separate components of the empty structure and the foam-filler is lower than the foam filled double structure.
The compressibility of the foam-filled double tube is significantly greater than that of the foam-filled single ones; with the inner tube taking up some of the room of the foam core. Furthermore, the specific energy absorption of the foam-filled double circular tube improved and was higher than that of the other structures. The numerical simulation results demonstrate that the total masses of the foam-filled double and single circular tubes were relatively similar, and the energy absorption efficiency of the foam-filled double tube was higher than that of the single ones. Again, the foam-filled double tube was more efficient than the empty double and foam-filled single circular tubes under an oblique impact.
Dynamic energy absorbing effectiveness factor can be derived according to literatures [46, 35] as
where G is the potential energy of the block mass, V o is the initial impact velocity, ε r is the uniaxial tensile engineering rupture strain, and δ f is the actual crushing displacement. Meanwhile, σ 0e ; σ 0i ; and σ f are the static flow stresses of the materials used for the external and internal tubes, and the plateau crushing stress of the foam, respectively. Meanwhile, A oe ; A oi ; and A f are the crosssectional areas of the external and internal tubes and the crosssectional area of the foam infilling, respectively. It can be assumed that the dynamic energy absorbing effectiveness factor of empty double tube is lower than the foam-filled single and double tubes.
Effect of outer wall thickness on dynamic response
In this section, the influence of outer wall thickness and load angle is evaluated to determine dynamic energy absorption and crushing force efficiency. Dynamic energy absorption was calculated for each tube up to a displacement of 100 mm to compare the relative effect of outer wall thickness and load angle for empty double, foam-filled double and foam-filled single circular tubes. Axial compression and global bending results were chosen as an adequate comparison. The baseline dimensions of circular tubes were adopted for four values of outer wall thicknesses i.e., 1, 1.5, 2, and 2.5 mm to determine the effect of wall thickness under an oblique loading. Figs. 15 and 16 show the effect of collapse mode and outer wall thickness on the dynamic energy absorption and crushing force efficiency of tubes under an oblique impact loading. It can be seen in the figures that the dynamic energy absorption and crushing force of all tubes increased continuously as the outer wall thickness increased for each collapse mode. Furthermore, for dynamic energy absorption and crushing force efficiency, the axial progressive collapse mode was higher than the global bending collapse mode, for each circular tube. It is evident that load angle had the most influence on the dynamic energy absorption and crushing force efficiency of each structure. Meanwhile, foam-filled double circular tube had a better crashworthiness capability than the other structures for dynamic energy absorption and crushing force efficiency indicators.
Effect of foam density on dynamic response
Finally, we study the effect of foam density and collapse mode on specific energy absorption and dynamic mean crushing force for foam-filled single and double circular tubes with ρ f ¼ 0.22 g/ cm 3 , 0.534 g/cm 3 and 0.71 g/cm 3 . Figs. 17 and 18 show an increase in specific energy absorption and dynamic mean crushing force for foam-filled single and double circular tubes for foam density. Meanwhile, the foam-filled double circular tube result was higher than single circular tube or dynamic tube. In conclusion, a foamfilled double structure with a high density foam is able to be fully considered as an energy absorber. Lastly, load angle has no significant effect for cylindrical tubes with different aluminium foam-filled densities.
Conclusions
A numerical simulation was performed to investigate the effect of geometry (outer wall diameter, length, outer wall thickness), material (foam density), and loading (axial progressive collapse mode and global bending mode) parameters for circular tubes. Three different configurations of circular tubes, namely empty-empty tube, empty foam filled tube, and foam filled double cylindrical tubes under oblique loadings was observed. From this study, the main conclusion and design information are summarised: First, dynamic energy absorption and specific energy absorption are more affected by outer wall diameter and load angle, and the dynamic response of structure increase for as outer wall diameter of tubes increase in progressive and bending collapses. Second, the tube length has more significant influence for circular tube on dynamic energy absorption and specific energy absorption. The foam-filled bitubal tube with longer tube is more than the other type of tubes. Third, the dynamic energy absorption and crushing force efficiency of all tubes continuously increases for as the outer wall thickness increase for each collapse mode. Fourth, the dynamic energy absorbing effectiveness factor of empty double tube is lower than the foam-filled single and double tubes.
Lastly, the density of foam slightly influences on specific energy absorption and dynamic mean crushing force for structures. With similar foam density, the foam-filled double circular tube higher than single circular tube on dynamic tube due to interaction between foam, inner and outer wall of structure. Finally, the foam-filled double circular tube as effective energy absorbing devices since it can be withstand as effectively as axial progressive and bending modes for crashworthy vehicle structure. 
Nomenclature
